RET is a receptor tyrosine kinase (RTK) with roles in cell growth, differentiation and survival. Ligand-induced activation of RET results in stimulation of multiple signal transduction pathways, including the MAP kinase/Erk and PI3 kinase/Akt pathways. However, the mechanisms governing receptor internalization and signal downregulation have not been explored. As other RTKs are internalized through the clathrin-coated pit pathway in a ligand-dependant manner, we have investigated whether RET is internalized through a similar process. Using a highly sensitive fluorescence resonance energy transfer (FRET)-based assay, we have shown that RET is internalized from the plasma membrane in a liganddependant manner that requires RET kinase activity as well as the GTPase activity of the clathrin-coated vesicle scission protein dynamin 2. Further, we have demonstrated that RET colocalizes with Rab5a, a marker of clathrin-coated vesicles and early endosomes, after internalization. Finally, we demonstrated that RET internalization is required for complete activation of Erk1/2, but not for activation of Akt signaling. Our data suggest that ligand-induced internalization of RET not only plays an overall role in downregulation and termination of signaling, but also functions to traffic RET to subcellular locations where it can fully activate certain downstream signaling pathways.
RET is a receptor tyrosine kinase (RTK) with roles in cell growth, differentiation and survival. Ligand-induced activation of RET results in stimulation of multiple signal transduction pathways, including the MAP kinase/Erk and PI3 kinase/Akt pathways. However, the mechanisms governing receptor internalization and signal downregulation have not been explored. As other RTKs are internalized through the clathrin-coated pit pathway in a ligand-dependant manner, we have investigated whether RET is internalized through a similar process. Using a highly sensitive fluorescence resonance energy transfer (FRET)-based assay, we have shown that RET is internalized from the plasma membrane in a liganddependant manner that requires RET kinase activity as well as the GTPase activity of the clathrin-coated vesicle scission protein dynamin 2. Further, we have demonstrated that RET colocalizes with Rab5a, a marker of clathrin-coated vesicles and early endosomes, after internalization. Finally, we demonstrated that RET internalization is required for complete activation of Erk1/2, but not for activation of Akt signaling. Our data suggest that ligand-induced internalization of RET not only plays an overall role in downregulation and termination of signaling, but also functions to traffic RET to subcellular locations where it can fully activate certain downstream signaling pathways. The RET proto-oncogene encodes a transmembrane glycoprotein belonging to the receptor tyrosine kinase (RTK) family. RET has been shown to activate cell signaling pathways involved in proliferation, differentiation and migration (Kodama et al., 2005) . RET is comprised of an extracellular region which binds its ligands, a transmembrane region and a cytoplasmic kinase domain that is responsible for autophosphorylating intracellular tyrosine residues that interact with adaptor proteins involved in downstream cell signaling. RET expression is essential for embryogenesis of the enteric nervous system and for kidney morphogenesis (Schuchardt et al., 1994) .
Activation of RET is unique among RTKs as it requires a multiprotein complex instead of the customary direct receptor/ligand interaction. The RET activation complex comprises a soluble ligand of the glial cell line-derived neurotrophic factor (GDNF) family, a glycosyl-phosphatidylinositol membrane-anchored coreceptor of the GDNF family receptors a (GFRa) proteins, and RET itself (Airaksinen and Saarma, 2002 ). RET's downstream targets include the Ras/Erk kinase, PI3 kinase/Akt, p38MAP kinase, PLC-g, JNK, STAT, Erk5 and Src signaling pathways (Santoro et al., 2004; Arighi et al., 2005; Kodama et al., 2005) . Autophosphorylation of tyrosine 1062, in the C-terminal tail, results in a phosphodependent-docking site for a number of SH2 or PTB domain containing proteins. Among these, are adaptor proteins such as SHC and FRS2, which can complex with Grb2, SOS and membrane-associated Ras to activate the MAPK pathway; or Grb2 and Gab1 which can activate PI3 kinase and Akt (Besset et al., 2000; Hayashi et al., 2000; Maeda et al., 2004) . Activation of MAPK downstream of RET can contribute to cell proliferation or differentiation, whereas activation of Akt by RET has been implicated in cell survival, as well as proliferation (Kodama et al., 2005) . It is not currently clear how the specific pathway triggered by ligand binding is determined but one potential mechanism is cellular localization.
Following ligand-mediated activation, many RTKs are internalized through the clathrin-coated pit pathway (Grimes et al., 1996; Torrisi et al., 1999; Wiedlocha and Sorensen, 2004) . Internalization through this pathway is thought to serve two purposes. First, it sequesters and degrades active receptors, ensuring termination of their signals, thereby allowing cells to discriminate between individual signals and prevent constitutive signaling from ligand-bound receptors (Kirchhausen, 2002) . Second, there is evidence that RTK internalization through the clathrin-coated pit pathway is required for complete activation of certain downstream pathways, such as the MAPK pathway (Vieira et al., 1996; Ceresa et al., 1998) .
To date, the mechanisms of RET internalization and downregulation, and their impact on RET signaling, have not been explored. Here we demonstrate that RET is internalized in a ligand-dependant manner, and that this process determines the nature and cellular location of RET downstream signals.
In preliminary experiments using the neuroblastoma cell line SH-SY5Y transiently transfected with GFRa1, we detected RET phosphorylation within 5-10 min of GDNF stimulation, with maximal phosphorylation of RET reached by 15 min (Figure 1a) . Interestingly, however, time course studies showed ligand-dependent loss of both total and phosphorylated RET from cell lysates, detected within 15-30 min of GDNF addition, immediately following peak phosphorylation when cells were lysed in a buffer containing 1% Igepal (NP-40), a weak, non-ionic detergent ( Figure 1a ). This loss of RET was most apparent in the 175 kDa (upper) RET band, which is thought to be the mature, glycosylated, membrane-bound form. Interestingly, the 155 kDa (lower) band also shows a corresponding but less rapid loss from the membrane. This is consistent with the process of maturation, membrane localization, receptor activation and recycling occurring more rapidly in response to ligand stimulation than does the de novo replacement of the immature 155 kDa RET protein. We were not able to observe this loss of RET when using a lysing buffer containing 1% Triton X-100, a stronger non-ionic detergent (data not shown). Analysis of the insoluble pellet showed that as RET was lost from the soluble fraction after activation, it became enriched in the insoluble pellet where we would expect to find endosomes. As this loss of RET from cell lysates was too rapid to be attributed to lysosomal degradation of the protein, we theorized that activated, phosphorylated RET was being sequestered into clathrin-coated vesicles or early endosomes that were not fully solubilized by weak non-ionic detergent, and were excluded from our cell lysates. We therefore investigated whether depletion of RET might be attributed to internalization and endosomal localization of activated RET complexes.
The prominent route of ligand-dependant internalization of RTKs is through the clathrin-coated pit pathway, which functions by tethering activated receptors Figure 1 RET is internalized in a ligand-dependent manner. (a) SH-SY5Y neuroblastoma cells were transiently transfected with GFRa1 using DIMRIE C (Invitrogen, Burlington, ON, Canada), treated with retinoic acid for 24 h, serum-starved overnight, then stimulated with 50 ng/ml GDNF (PeproTech Canada Inc., Ottawa, ON, Canada) for the indicated times. Proteins were harvested in Igepal lysing buffer, as previously described (Myers and Mulligan, 2004) , separated by SDS-PAGE, transferred to nitrocellulose membrane (Bio Rad, Mississaugua, ON, Canada) and probed for either RET (H300, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), phospho-RET (a-Phospho-Ret ( . FRET was measured using the FRET-sensitized emission wizard of the Leica Confocal Spectrum Express 03 software package in conjunction with a Leica TCS SP2 inverted confocal microscope. 'Pixel intensity' refers to the signal intensity measured after excitation of ECFP with a 468-nm laser line and signal detection in the spectrum. Background fluorescence and chromophore bleed-through into the FRET channel were automatically corrected for by the Leica software using cells expressing only WT-RET-ECFP or WT-DNM2-EYFP. Each data point shows a mean of three ROIs selected at the cell membrane.
Representative data from one of three duplicate experiments are shown.
into cell surface pits identified by an intricate clathrin framework that forms on the inner leaflet of the plasma membrane (Le Roy and Wrana, 2005) . The membrane associated GTP-binding protein, dynamin 2 (DNM2), then self-assembles into a-helical oligomers around the neck of a clathrin-coated pit and, through its intrinsic GTPase activity, pinches off a vesicle that contains the activated receptor (Praefcke and McMahon, 2004) . We have developed a highly sensitive, fluorescence resonance energy transfer (FRET)-based assay to investigate RET dissociation from the membrane through this pathway. FRET is a technique used to measure the spatial distance between two fluorophores, the donor and the acceptor. Overlap of the emission spectra of the donor with the excitation spectra of the acceptor allows energy to be transferred from the donor to the acceptor when the donor is excited and both fluorophores are in close proximity to each other. An increase in energy release by the acceptor indicates that the fluorophores have moved closer together (van Rheenen et al., 2004) . We have generated expression constructs for RET tagged with the Enhanced Cyan Fluorescent Protein (WT-RET-ECFP) at the C-terminus and for DNM2 tagged with an Enhanced Yellow Fluorescent Protein (WT-DNM2-EYFP) at the C-terminus. HEK 293 cells co-transfected with these expression constructs, and GFRa1, were treated with GDNF for 0, 5, 15 or 60 mins, fixed, and FRET was measured at multiple regions of interest (ROIs) selected on the cell membrane. We detected minimal FRET in the absence of GDNF stimulation but a rapid increase in membrane-associated FRET after ligand treatment. FRET was maximal at 15 min after GDNF addition (Figure 1b) , corresponding with maximal phosphorylation of RET (Figure 1a) , and returned to basal levels by 60 min. No FRET was detected at ROIs selected deeper in the cytoplasm, nor in samples transfected with a single fluorophore construct (WT-RET-ECFP or WT-DNM2-EYFP) at any time point (data not shown). When a RET-ECFP construct containing a kinase dead RET mutant (K758 M) was cotransfected with the WT-DNM2-EYFP, we did not detect any substantial levels of FRET, before or after ligand addition (Figure 1c) , suggesting that RET kinase activity is required for localization to clathrin-coated pits on the cell membrane. When WT-RET-ECFP and a GTPase-dead K44A-DNM2-EYFP mutant were coexpressed, we found that FRET was detected earlier and persisted longer on the cell surface (Figure 1d ). The GTPase activity of DNM2 is not essential for oligomerization of the protein but is required for scission of the clathrin-coated vesicle from the membrane (Vallis et al., 1999; Marks et al., 2001) . Thus, as predicted, we saw increased membrane FRET as phosphorylated RET accumulated in pits that could not be internalized due to the inability of the K44A-DNM2-EYFP mutant, which was oligomerized around the neck of the clathrin-coated pit, to pinch off the vesicle from the membrane. Because vesicles cannot be pinched off the membrane, RET and DNM2 are retained in close proximity, resulting in extended duration of FRET. Thus, our data suggest that RET is internalized through the clathrin-coated pit pathway by a mechanism that is dependent on GDNF binding, the kinase activity of RET, and the GTPase activity of DNM2. Our ability to detect FRET between RET and DNM2 suggests a close spatial proximity between these proteins in the cell. In fact, the ability to detect FRET between two proteins often suggests an in vivo interaction between them. Although our data does not confirm a direct interaction between RET and DNM2 here, it is interesting to note that a number of proteins such as NCK, SRC, GRB2, PI3 kinase and PLCg have been shown to interact both with RET and with DNM2; specifically, NCK, SRC and GRB2 have been shown to bind RET through their SH2 domains and DNM2 through their SH3 domains (Gout et al., 1993; Seedorf et al., 1994; Wigge et al., 1997; FosterBarber and Bishop, 1998; Wunderlich et al., 1999; Okamoto et al., 2001; Schuetz et al., 2004; Kodama et al., 2005) . These data suggest that these proteins could act as adaptors to mediate an indirect interaction between RET and DNM2 that could assist in localizing activated RET into clathrin-coated pits or vice versa. However, RET proteins containing Y981F, Y1015F or Y1062F mutations, which affect the major known binding sites of the above-mentioned proteins, were still internalized into endosomes (data not shown). These data would imply that an indirect interaction between DNM2 and RET through any one of these proteins is not exclusively required for internalization. Whether multiple adaptor proteins docked at these sites work in concert to assist in localizing RET to dynamin containing clathrin-coated pits in the membrane remains to be investigated.
Upon GDNF stimulation, during FRET analysis, we detected an increase in RET containing vesicle-like structures near the plasma membrane (data not shown), which coincided with peak RET phosphorylation and RET/DNM2 colocalization. Studies of other RTKs indicate that, after internalization through clathrincoated pits, receptors are trafficked through early and late endosomes where they are either recycled back to the membrane or targeted to the lysosome for degradation (Le Roy and Wrana, 2005) . To determine whether RET is also trafficked through this mechanism, and whether these punctate RET-containing vesicles represented early endosomes, we investigated the colocalization of RET with an early endosome marker. Rab5a, a small GTPase protein, has a direct interaction with clathrin-coated vesicles and early endosomes (Bucci et al., 1992; Nielsen et al., 1999) . We transiently expressed an EGFP-tagged Rab5a in HEK 293 cells stably expressing an artificially inducible WT-RET construct, similar to that described by Freche et al. (2005) , and compared localization of Rab5a-EGFP and RET by confocal microscopy after no ligand treatment or after 15 or 30 mins of stimulation with artificial ligand. Strong immunofluorescence staining for RET was detected on the cell membrane up to 15 mins post-ligand addition but was lost by 30 mins (Figure 2) , consistent with the dissociation of RET from the membrane after ligand addition seen previously (Figure 1b) . By 30 mins after ligand addition, strong colocalization of Rab5a and RET was seen in multiple punctate vesicles located away from the membrane in the cytoplasm (Figure 2 ). This strong colocalization of Rab5a-EGFP and RET by 30 min post-ligand addition suggests that the loss of RET from cell lysate fractions, described above, is due to sequestering in endosomes that are poorly solubilized by weak detergents.
Ligand-induced endocytosis can also act as a mechanism for localizing activated receptors to areas of the cytoplasm where they can stimulate signaling cascades discrete from those they activate at the cell membrane. Epidermal Growth Factor Receptor, for example, cannot activate MAPK signaling until it has been internalized (Vieira et al., 1996; Kranenburg et al., 1999) . To investigate whether RET activates different pathways from endosomes than from the cell membrane, we generated polyclonal, pooled, SH-SY5Y cell lines stably overexpressing GFRa1 and either WT-DNM2-EYFP or the K44A-DNM2-EYFP mutant and screened them for active Erk1/2 and Akt in the presence or absence of GDNF. We detected a significant reduction in Erk1/2 phosphorylation in the K44A-DNM2-EYFP cell line in comparison with the WT-DNM2-EYFP cells or wild-type, untransfected SH-SY5Y cells (Figure 3) . No difference in relative phosphorylation of Akt was observed between the WT-DNM2-EYFP and K44A-DNM2-EYFP cell lines.
These results suggest that internalization of RET is required for maximal activation of the MAPK signaling pathway. Akt can be activated by membrane-localized RET; however, we cannot rule out the possibility of continued activation of Akt by RET once it is internalized (Figure 4) .
Our data show that RET is internalized through a clathrin-coated pit mechanism after activation, similar to other RTKs. RET is then targeted to early endosomes as a precursor step to either recycling or degradation. However, endosomal localization clearly also represents a normal regulatory mechanism for RET signaling, ensuring colocalization of RET and critical signaling pathway components to the same subcellular compartments. The biological significance of endosomal signaling is still not well understood, although several theories have been proposed (reviewed in Le Roy and Wrana, 2005) . The realization that RTK localization to endosomes is required for MAPK activation provides an important link between receptor downregulation and activation of this proliferative signaling cascade. It has been suggested that this transient activation of MAPK represents an important mechanism of protection against oncogenesis, as cell proliferation due to MAPK signaling can only occur during the brief time that activated receptors spend in endosomes. This creates an effective ON/OFF switch to protect against aberrant pro-proliferative signaling through this pathway. Further, it is becoming increasingly clear that active receptors have access to a separate pool of binding partners once internalized that are not present at the cell surface and that internalization can contribute to the magnitude and sustainability of RTK signals, providing both a spatial and temporal regulatory system (Vieira et al., 1996; Zaccolo and Pozzan, 2000; Wiley and Burke, 2001) (Figure 4 ). For example, an endosomally localized adaptor protein, p14, recruits the MP1 scaffold protein allowing specific endosome-associated MAPK signaling (Teis et al., 2002) . Formation of this or a similar complex may contribute to RET's ability to activate MAPK from endosomes. We also know that Akt and Ras contain membrane localization domains that would ensure they are located in close proximity to membrane-bound RET (Joneson and Bar-Sagi, 1997; Bellacosa et al., 1998) . However, MEK1/2 and Erk1/2 do not contain membrane localization domains (Schaeffer et al., 1998; Tanoue et al., 2000) , suggesting that the RET signaling complex must be internalized into the cytoplasm to effectively activate a substantial pool of MEK and Erk molecules. Our studies clearly demonstrate an efficient and rapid internalization of activated RET. Further, this internalization is required for full activation of MAPK. We have demonstrated that RET, like other RTKs, can signal from endosomes, supporting the theory that this is a biologically significant event which impacts on the proliferative ability of a cell. Our data provide the first insights into the events regulating RET trafficking from membrane to endosome and their potential signaling implications. Figure 4 Model of RET internalization and activation of downstream signaling pathways. Upon ligand binding, RET becomes phosphorylated, binds adaptor proteins that are localized near the plasma membrane, and is tethered into clathrin-coated pits. RET containing clathrin-coated pits are scised from the membrane by DNM2 and trafficked through early endosomes deeper into the cytoplasm. Once internalized, early endosomes present the C-terminal signaling tail of RET to cytoplasmic pools of MEK1/2 and Erk1/2, allowing for complete activation of the MAPK signaling pathway. Akt displays membrane localization through its plextrinhomology domain, therefore internalization does not appear to be required for its activation. However, continued Akt signaling from the cytoplasm may occur as well. Solid lines represent movement of the RET signaling complex throughout the cell, dashed lines represent propagation of downstream signals.
